Legionella species are facultative, intracellular bacteria that infect macrophages and protozoa, with the latter acting as transmission vectors to humans. These fastidious bacteria mostly cause pulmonary tract infections and are routinely identified by various molecular methods, mainly PCR targeting the mip gene and sequencing, which are expensive and time-consuming. Recently, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) has emerged as a rapid and inexpensive method for identification of bacterial species. This study evaluated the use of MALDI-TOF-MS for rapid species and serogroup identification of 21 Legionella species recognized as human pathogens. To this end, a reference MS database was developed including 59 Legionella type strains, and a blind test was performed using 237 strains from various species. Two hundred and twenty-three of the 237 strains (94.1 %) were correctly identified at the species level, although ten (4.2 %) were identified with a score lower than 2.0. Fourteen strains (5.9 %) from eight species were misidentified at the species level, including seven (3.0 %) with a significant score, suggesting an intraspecific variability of protein profiles within some species. MALDI-TOF-MS was reproducible but could not identify Legionella strains at the serogroup level. When compared with mip gene sequencing, MALDI-TOF-MS exhibited a sensitivity of 99.2 and 89.9 % for the identification of Legionella strains at the genus and species level, respectively. This study demonstrated that MALDI-TOF-MS is a reliable tool for the rapid identification of Legionella strains at the species level.
INTRODUCTION
Legionella species are fastidious, Gram-negative bacteria that belong to the Gammaproteobacteria. They are facultative, intracellular parasites infecting macrophages and protozoa, and are naturally associated with free-living amoebae, which may act as transmission vectors to humans. Legionella species mostly cause pulmonary tract infections. Legionella pneumophila is the most common pathogenic species for humans, and thus the most studied. Other proven pathogenic Legionella species include L. anisa, L. birminghamensis, L. bozemanae, L. cincinnatiensis, amplification and sequencing of the 16S-23S rRNA intergenic spacers or tDNA spacers (De Gheldre et al., 2001; Riffard et al., 1998) . Ribotyping and PCR fingerprinting have also demonstrated a high discriminatory power for Legionella species (Salloum et al., 2002; Van Belkum et al., 1993) , but may be more adapted to strain genotyping than species identification. However, although reliable, molecular methods are time-consuming and expensive.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) has recently emerged as a rapid and inexpensive bacterial species identification method. It has been shown that most bacterial species exhibit specific protein profiles (Hsieh et al., 2008) . MS has been used for efficient discrimination of Arthrobacter species (Vargha et al., 2006) , Coxiella burnetii (Skultety et al., 2007) , viridans streptococci (Friedrichs et al., 2007) , staphylococci (Carbonnelle et al., 2007) , Neisseria species (Gudlavalleti et al., 2008; Ilina et al., 2009) , Campylobacter species (Kolinska et al., 2008) , Burkholderia cepacia (Miñán et al., 2009; Vanlaere et al., 2008) , Clostridium species (Grosse-Herrenthey et al., 2008) , Erwinia species (Sauer et al., 2008) , Escherichia coli (Parisi et al., 2008; Ruelle et al., 2004) , Listeria species (Barbuddhe et al., 2008) , non-fermenting bacteria (Degand et al., 2008; Mellmann et al., 2008) , oral anaerobic bacteria (Stingu et al., 2008) , Yersinia enterocolitica (Parisi et al., 2008) , Salmonella species (Dieckmann et al., 2008; Ruelle et al., 2004) , Bacteroides species (Nagy et al., 2009) and Bartonella species (Fournier et al., 2009) . However, to date, no data are available regarding the identification of Legionella species using MALDI-TOF-MS. In the Bruker database (Bruker Daltonics, Bremen, Germany), containing MALDI-TOF-MS profiles of various bacterial species, only a few Legionella MS profiles are available, with only one spectrum per species or subspecies for 24 Legionella species (Table 1) .
In this study, we performed MS analysis on representative strains of all recognized Legionella species with recognized pathogenicity for humans. We then developed a database Identification of Legionella spp. by MALDI-TOF-MS with the generated spectra, which we tested using a large collection of both clinical and environmental Legionella strains.
METHODS
Legionella strains. Representative strains of 21 recognized and pathogenic Legionella species were included in our study (including 12 species already referenced in the Bruker database). For some species, several serogroups were evaluated: two for L. bozemanae, L. erythra, L. feeleii, L. hackeliae, L. londiniensis, L. longbeachae and L. sainthelensi, and 15 for L. pneumophila. For each species and serogroup, one or several type strains were used. The 59 Legionella type strains studied are detailed in Table 1 . To evaluate the sensitivity and positive predictive value of MS for the identification of Legionella strains, 237 additional Legionella strains from 19 species were blind tested by MS. These included 114 L. pneumophila (Table 2) 
tucsonensis and one L. wadsworthii (Table 3 ). All strains were cultured on buffered charcoal yeast extract a-ketoglutarate agar (Oxoid) and incubated for 3-5 days at 35 uC in 2.5 % CO 2 . Species identification of all studied strains was confirmed using mip gene amplification and sequencing as described previously (Ratcliff et al., 1998) . The resulting consensus sequences were compared with those in GenBank.
MALDI-TOF-MS. For each strain tested, four isolated colonies were deposited on an MTP 384 target polished steel plate (Bruker Daltonics) and allowed to dry at room temperature. Two microlitres of a matrix solution composed of a-cyano-4-hydroxycinnamic acid (Sigma) saturated with 2.5 % trifluoroacetic acid and 50 % acetonitrile was added and allowed to co-crystallize with each sample. Specimens were processed in an Autoflex II MALDI-TOF-MS spectrometer (Bruker Daltonics) using Flex Control software (Bruker Daltonics). Positive ions were extracted with an accelerating voltage of 20 kV in linear mode. Each spectrum indicates the sum of the ions obtained from 675 laser shots performed in nine different regions of the same spot. The spectra were analysed in an m/z range of 2000-20 000, and the analysis was performed using Flex Analysis and BioTyper software (Bruker Daltonics). The data obtained from the four replicates were added to minimize random effects. The presence and absence of peaks were considered to be specific profiles for a particular isolate. Only those peaks with a relative intensity above 0.1 that were constantly present in all four sets of data obtained for a given strain were retained. The standard deviation for each conserved peak did not exceed 6 m/z value. A maximum of 100 peaks with a signal-to-noise ratio of 3 was selected in the range of 3000-15 000 Da. From all spectra generated for a single strain, a reference spectrum was determined. A strain was considered to be classified correctly within a species when their reference spectra shared ¢75 peaks, with a mass deviation of 200 p.p.m. For the blind test, the 237 tested strains were compared with the complete Bruker database, and with the reference spectra obtained for all 21 Legionella type species tested. Species identification was obtained when a strain demonstrated a best match with a spectrum in the database with a log score ¢2.0.
The complete set of spectra obtained in the present study is available in the Unité des Rickettsies Mass Spectrometry (URMS) database online (www.ifr48.com).
Evaluation of the sensitivity and reproducibility of MALDI-TOF-
MS.
Strains correctly identified at the species level, i.e. exhibiting an MS identification identical to their mip identification with a log score ¢2.0, were considered true positives, whereas all other strains were considered false negatives. Differences were evaluated using the Mantell-Haenszel test, and were considered significant when P ,0.05.
To evaluate the reproducibility of MALDI-TOF-MS, we retested one strain per species using the same protocol as described above (Tables  2 and 3) .
RESULTS

Study of type strains
Using MALDI-TOF-MS, we obtained protein fingerprints for all 59 reference Legionella strains. Although all tested strains exhibited distinct protein profiles at the species level ( Fig. 1) , no difference was identified among serogroups within species (Figs 1 and 2) . When comparing the spectra obtained from the 59 representative strains with those of 2843 bacteria within the Bruker database, including one spectrum from each of 21 Legionella species, we observed that 39 strains were correctly identified at the species level with a score of ¢2.0, and seven strains were correctly identified but with a best score of ,2.0 against Legionella species. The remaining 13 strains, from nine species, being absent from the Bruker database, obtained a score of ,1.5 against all bacterial species. All spectra obtained from the 59 type strains were added to our MALDI-TOF-MS database.
Blind test
When compared with the complete database, spectra obtained from the 114 L. pneumophila strains enabled unambiguous identification at the species level with log scores of ¢2.0 against L. pneumophila only. However, scores of ¢2.0 were obtained for all strains against all L. pneumophila serogroups, thus demonstrating that MALDI-TOF-MS is not discriminatory at the serogroup level Identification of Legionella spp. by MALDI-TOF-MS (Table 2) . Among the other 123 blind-tested strains (Table  3) , 99 were identified correctly at the species level with a score of ¢2.0 (80.5 %); 17 (13.8 %) exhibited a score of ,2.0, comprising 10 against their homologous species, five against an heterologous Legionella species and two against a non-Legionella bacterial species; and seven strains exhibited Thus, the overall sensitivity of MALDI-TOF-MS for the identification of Legionella strains was 99.2 % at the genus level (235/237) and 89.9 % at the species level (213/237). In addition, strains with a score of ,2.0 were correctly identified at the species level in 58.8 % of cases. However, the sensitivity varied among species. There was 100 % sensitivity in eight species:
) and L. sainthelensi (5/5). The sensitivity was lower in the other 11 tested species: 85.7 % in L. anisa (6/7), 83.3 % (5/ 6) in L. jordanis and L. longbeachae, 80.0 % (4/5) in L. birminghamensis and L. micdadei, 63.6 % in L. bozemanae (7/11), 60.0 % in L. dumoffii (6/10), 50 .0% (2/4) in L. maceachernii and L. tucsonensis, 28.6 % in L. gormanii (2/7) and 0 % in L. wadsworthii (0/1). In the reproducibility assay, the 19 strains tested obtained the same species identifications as in the blind test, with scores of .2.0 for all strains. For seven out of eight of the species with 100 % of strains correctly identified, our database included more than two reference spectra, which was the case in only four of the 11 remaining species (P50.03).
DISCUSSION
The ability of various Legionella species to cause pneumonia and their potential role in nosocomial infections has stimulated the development of efficient identification tools, enabling rapid and adequate management of patients. However, precise identification techniques commonly used for Legionella species require molecular methods that are expensive and time-consuming. Here, we used MALDI-TOF-MS, a rapid and cost-effective identification method, for the identification of Legionella at the species level. Obtaining a strain identification took only 10 min from selecting a colony grown on the agar plate, with up to 15 strains being analysed per hour at a total cost of J1.65 per strain (including personnel cost).
We demonstrated that the discriminatory power of this method for identifying Legionella strains at the species level was high. We first developed a spectrum database using 59 representative strains from 21 species, and observed that all species could be differentiated (Figs 1 and 2) , although some species, such as L. longbeachae and L. sainthelensi, exhibited closely related protein spectra. Next, we tested the validity of this method by performing a blind test with 237 strains from 19 different species. Among these, we observed that the discriminatory power of MALDI-TOF-MS varied according to the tested species, with strains from eight species being correctly identified in 100 % of cases, whereas, for the remaining 11 species, the degree of proper identification varied from 0 to 85.7 %. Such differences might be explained by an intraspecific variability of protein profiles among strains. We observed that Legionella strains were more likely to be correctly identified at the species level when more than two reference spectra were present in the database (P50.03) ( Table 1 ). In addition, for seven strains, a score of .2.0 was obtained against a species that differed from but was phylogenetically close to their homologous species (Adeleke et al., 1996; Grattard et al., 2006; Ko et al., 2002) . These results suggest that the discriminatory power of MALDI-TOF-MS may be improved by increasing the number of spectra per species in the database. All spectra obtained in this study were added to our database (www.ifr48.com).
According to our results, we estimated the sensitivity of MALDI-TOF-MS for Legionella isolate identification to be 99.2 and 89.9 % at the genus and species level, respectively (Tables 2 and 3) . However, although we demonstrated that MALDI-TOF-MS is a powerful tool for the identification of Legionella strains at the species level, notably, for the most common pathogenic species, L. pneumophila, it could not discriminate among serogroups. In Listeria species, MALDI-TOF has previously been demonstrated to be as discriminatory as PFGE at the serogroup level (Barbuddhe et al., 2008) . However, for Legionella species, reference spectra from the different serogroups enabled correct species identification, but were too similar to be discriminatory at the serogroup level. Antigenic variations among Legionella serogroups have mainly been linked to differ- ences in the LPS and major outer-membrane protein (Benson & Fields, 1998) . Our data suggest that these protein differences are not easily detectable by MALDI-TOF-MS. However, we cannot rule out the possibility that these results were due to our mode of preparation of bacteria.
In conclusion, we determined reference MS spectra for cultivated and recognized pathogenic Legionella species. We demonstrated that species identification by MALDI-TOF-MS is reproducible and relevant for the genus Legionella and presents several advantages over other identification tools, including speed, discriminatory power and low cost. We added to the existing URMS database all spectra generated from this study, spanning 21 different pathogenic species. For Legionella strains showing intraspecific protein profile variability, this database will continuously be supplemented with spectra from additional strains to increase the representativity of species.
